INTRODUCTION
The complement system provides the first line of defense against foreign pathogens. 1 The role of the component system in host defense involves opsonization, inflammation, and lysis and includes autoimmunity, clearance of immune complexes, debris removal, and response to tissue injury. Activation of the complement system proceeds through the convergence of three independently activated but related pathways (classical, alternative, and lectin) to a common pathway. The convergence point is the cleavage of protein C3 to C3b and C3a. Inappropriate activation of the complement system may cause or aggravate several pathological conditions, such as asthma, adult respiratory distress syndrome, hemolytic anemia, rheumatoid arthritis, rejection of xenotransplantation, stroke, and heart attack. 2,3 Therefore, the development of drugs that can control the activation of complement is of profound interest. Protein C3 is essential in all pathways and represents a good target for complement inhibition.
The 13-residue cyclic peptide compstatin prevents the proteolytic activation of complement component C3 by binding to the C3 b-chain 3-5 and constitutes a promising candidate for the therapeutic treatment of unregulated complement activation. Compstatin has the sequence Ile1-Cys2-Val3-Val4-Gln5-Asp6-Trp7-Gly8-His9-His10-Arg11-Cys12-Thr13-NH 2 and is maintained in a cyclic conformation via the disulfide bridge Cys2-Cys12. It was first discovered by using a phage-displayed random peptide library for binding against C3b. 6 Structural nuclear magnetic resonance (NMR), mutational, and computational studies have examined systematically the properties of compstatin and several mutant derivatives in solution. 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] These studies have shown that native compstatin is highly flexible in solution and possesses a thermodynamically dominant conformer, with residues 5-8 in a Type I b-turn (probability 42-63%), 7 and the terminal residues 1-4 and 12-13 in a hydrophobic cluster. 10
ABSTRACT
The development of compounds to regulate the activation of the complement system in non-primate species is of profound interest because it can provide models for human diseases. The peptide compstatin inhibits protein C3 in primate mammals and is a potential therapeutic agent against unregulated activation of complement in humans but is inactive against nonprimate species. Here, we elucidate this species specificity of compstatin by molecular dynamics simulations of complexes between the most potent natural compstatin analog and human or rat C3. The results are compared against an experimental conformation of the human complex, determined recently by X-ray diffraction at 2.4-Å resolution. The human complex simulations provide information on the relative contributions to stability of specific C3 and compstatin residues. In the rat simulations, the protein undergoes reproducible conformational changes, which eliminate or weaken specific interactions and reduce the complex stability. The simulation insights can be used to design improved compstatin-based inhibitors for human C3 and active inhibitors against lower mammals.
Recent X-ray crystallography studies have determined a 2.4-Å resolution structure of the complex between the complement component C3c (the major proteolytic fragment of C3) and the N-terminal acetylated (Ac) double mutant Ac-Val4Trp/His9Ala (W4A9). 3 W4A9 is more active than native compstatin by 45-fold (15-fold, compared with a native variant, acetylated at the N-terminal end). 4, 9, 10, 12, 16, 21, 22 Its conformation in the C3c complex is significantly different from the thermodynamically dominant conformer of native compstatin in solution; the 5-8 b-turn becomes extended, and a new b-turn is formed by residues 8-11. The average backbone C a atom root mean square difference between the conformation of W4A9 in the complex and the thermodynamically dominant conformation of native compstatin in solution is 3.7 Å . 3 Mutational studies have shown that residues 5-8 and portion of the N-terminal hydrophobic cluster (residues 2, 3, and 12) are critical for activity, 7,10 even though certain property-preserving point mutations can be tolerated (Val3Leu, Gln5Asn). 10 The compstatin activity depends partly on specific intermolecular and intramolecular interactions, formed in the complex. In the case of W4A9, the critical for activity residues Val3 and Trp7 are buried in hydrophobic pockets and participate in hydrophobic interactions with C3c. 3 The Gln5 and Trp7 side chains form specific hydrogen-bonding interactions with nearby residues.
Despite the insights gained from the crystallographic structure, several questions still remain. The development of higher activity compstatin analogs against human C3 is an area of active research. 4,10,12-16,23-25 Furthermore, experimental studies have demonstrated that compstatin is active against other primate C3 proteins but fails to inhibit the activation of proteins from lower mammalian species. 6,26 This is an important question, because the development of effective inhibitors against nonprimate species can be used to test disease models in nonprimate animals. A sequence alignment of primate and nonprimate C3 proteins is shown in Figure 1 . Experiments of compstatin analogs with a large number of nonprimate mammalian species have shown that the lack of compstatin activity against these proteins is not due to steric or electrostatic repulsion between the ligand and the protein. 26 Thus, it is plausible that the lack of compstatin binding is due to the loss of specific interactions and/or due to structural rearrangements of the nonprimate proteins.
Molecular dynamics (MD) simulations provide detailed information on the structural properties and stabilizing interactions of biomolecular systems. 27, 28 In this study, we employ multi-ns MD simulations to compare complexes of the double-mutant W4A9 with the human C3c protein and the rat C3c protein from Rattus norvegicus. The simulations of the human C3c:W4A9 complex are in agreement with the corresponding, recently determined crystallographic structure 3 and reproduce well the interactions observed in the crystal complex. An analysis identifies important intermolecular interactions contributing to the stability of the complex and provides an interpretation of the above mutational results in terms of specific interactions.
The simulations of the rat C3c complex provide significant insights on the lack of compstatin activity against the C3 protein from rat and other nonprimate mammals. The rat C3 protein undergoes local conformational changes, which disrupt the interactions with the ligand and reduce the stability of the complex. These changes are reproducible in several independent runs. Furthermore, the behavior of the systems provides insights for the development of higher activity compstatin analogs against human C3c and active analogs against lower mammalian species.
METHODS

Simulation systems
Human and rat complexes Compstatin. We simulated the double mutant Val4Trp/ His9Ala (W4A9) with sequence COCH 3 -Ile1-Cys2-Val3-Trp4-Gln5-Asp6-Trp7-Gly8-Ala9-His10-Arg11-Cys12-Thr13-NH 2 . The crystallographic structure of W4A9 in complex with human C3c was recently determined. 3 The disulfide bond Cys2-Cys12 was maintained by a disulfide patch of the CHARMM topology file. Titratable residues were assigned their most common ionization state at physiological pH (charged Asp6 and Arg10, neutral His9 and His10). All simulations were conducted with the molecular mechanics program CHARMM, version c35a1. 29
C3c. The C3c:W4A9 complex is too large to be entirely included in the simulation system (e.g., the first monomer in the asymmetric crystallographic unit of PDB entry 2QKI has 1120 residues). 3 We simulated a truncated C3c region, containing: (i) The entire two domains MG4 (residues 329-424) and MG5 (residues 425-534) of the compstatin binding site and (ii) segment 607-620, which is proximal to MG4 and MG5. The resulting protein-ligand complex [shown in Fig. 2(a) ] had dimensions 40 3 53 3 56 Å . Compstatin bound on the solventexposed side of the truncated model and was at least 21 Å away from any protein atom omitted in the simulation. The nearest charged residue in the omitted region (Asp26) was $27 Å away from compstatin Asp6. Poisson calculations with an extended 60-Å protein sphere (centered on compstatin) confirmed that the electrostatic interactions between compstatin and any charged residues, present in the extended sphere and omitted in the simulation system, were small. For each of these residues, we computed its solution and vacuum electrostatic potential on compstatin, using the UHBD program, 30 a zero ionic strength, and protein/ligand dielectric constants e 5 1/80 (solution) and 1/1 (vacuum). The resulting solution potentials were smaller by a factor of $80 compared with the vacuum potentials, that is, they were sufficiently screened by solvent.
The truncated complexes were immersed in a water box that was replicated in all directions by periodic boundary conditions. An analogous setup was used in Refs. 31, 32 In our case, the water box had the shape of a 89-Å truncated octahedron. Overlapping water molecules were omitted, and five chloride anions were added (seven ions in the rat system), to neutralize the total charge. The final human complex had 35,751 atoms (3679 protein-ligand atoms); the rat complex had 35,763 atoms (3641 protein-ligand atoms).
In the human complex, the initial coordinates of the protein and peptide heavy atoms were taken from the crystallographic structure (PDB entry 2QKI). 3 In the rat C3c:W4A9 complex, the initial positions of backbone heavy atoms (with the exception of loop 369-378 ana- The color code used is: red: hydrophobic, green: polar, blue: negatively charged, and purple: positively charged aminoacids. An asterisk denotes invariant amino acids, a colon strongly similar, and a period weakly similar amino acids. The regions interacting with compstatin are enclosed in black boxes. lyzed below) were also taken from the crystallographic structure of the human complex. With this choice, we avoided introducing any a priori structural differences between the human and rat complexes. Thus, our simulations investigated whether the rat C3c:W4A9 complex was able to maintain the conformation of the human C3c:W4A9 complex, or had the propensity to undergo conformational changes, with a concurrent decrease in compstatin affinity. This was indeed the case as shown in the Results section. Loop 369-378 contains a deletion in the rat protein ( Fig. 1 shows an alignment of primate and nonprimate C3 proteins). The initial conformation of this loop was constructed with the program MODEL-LER 33 and had a root mean square difference (RMSD) of 1.39 Å from the corresponding conformation in the human C3c. The heavy atoms of invariant side chains were initially placed on the corresponding coordinates of the human complex. The initial positions of mutated side chains were modeled with the SCWRL4 program. 34 Hydrogens were positioned by the HBUILD algorithm of the CHARMM program.
Free C3c protein
The experimental conformation of the free human (FH) C3c fragment has also been determined by X-ray crystallography (PDB code 2A74). 35 As discussed in Ref. 3 , W4A9 binding conserves the orientation of domains MG4 and MG5 and induces minor, local structural rearrangements in the compstatin binding site (Fig. 3 of Ref. 3). In this study, we conducted a control run of the free human C3c fragment, starting from the conformation of the complex (2QKI). The protein model employed in this simulation was identical to the one of the human complex. The objective of this run was to test whether the compstatinbinding site of human C3c would tend to rearrange, in the absence of compstatin, toward the experimental conformation of the free protein. Our simulation model was indeed able to capture this tendency, as discussed in the Results section.
To compare the behavior of the rat protein in the presence and absence of compstatin, we conducted an additional simulation of the free rat C3c protein. The protein model employed in the simulation was identical to the one of the rat complex. The simulation started from the conformation of the human C3c complex, as was done for the rat C3c complex.
Force field specifications
The peptide atomic charges, van der Waals and stereochemical parameters, were taken from the CHARMM22 all-atom force field, 36 including a Cross-term MAP (C-MAP) backbone u/w energy correction 37 and revised indole parameters. 38 The water was represented by a modified TIP3P water model. 39,40 Electrostatic interactions were calculated without truncation by the particlemesh Ewald method, 41 with a parameter j 5 0.33333 for the charge screening, and sixth-order splines for the mesh interpolations. The Lennard-Jones interactions between atom pairs were switched to zero at a cutoff distance of 14 Å . The temperature was kept at T 5 300 K by a Nosé-Hoover thermostat 42,43 by using a mass of 1000 kcal ps 21 2 for the thermostat. The pressure was maintained at P 5 1 atm with a Langevin piston, 44 using a 500 amu mass and a 5 ps 21 collision frequency for the piston. The classical equations of motion were integrated by the Leap-Frog integrator, using a time step of 2 fs. Bond lengths to hydrogen atoms and the internal water geometry were constrained to standard values with the SHAKE algorithm, 45 implemented into CHARMM.
Simulation protocols
To avoid structural deformations at the protein boundary due to the truncation, the main-chain heavy atoms of an external protein shell, with atoms at least 20 Å away from any atom of compstatin, were harmonically restrained to their initial crystallographic positions. Segments 373-377 of the reconstructed loop (373-376 in rat) were also harmonically restrained. The structure was initially optimized by 150 energy minimization steps with the steepest-descent and adopted-basis NewtonRaphson (ABNR) algorithms. This was followed by an equilibration run, consisting of: (i) 30 ps of dynamics, with all protein and ligand heavy atoms harmonically restrained by a force constant of 10 Kcal mol 21 Å 22 and (ii) five 50-ps segments, in which the harmonic force constants were gradually lowered to 1.5 kcal mol 21 Å 22 in the external shell, and to 0 kcal mol 21 Å 22 elsewhere. The systems were then simulated for 7 ns, retaining the harmonic restraints at the end of equilibration.
Side-chain contacts analysis. Probability-density maps of intermolecular side-chain contacts were computed with the WORDOM package. 46 Two side chains were considered in contact if the distance of their geometric centers was smaller than 6.0 Å .
Computation of association free energies. To compare the compstatin affinity for the human and rat C3c protein, we estimated the corresponding association free energies (second column in Table III) by the relation
where PL, P, and L denote, respectively, the complex, the protein, and the ligand. The individual free energies were estimated in the Molecular Mechanics/Generalized Born Surface Area (MM-GB/SA) approximation, 47 by removing all water molecules and ions from the simulation trajectories and applying the relation
where X corresponds to PL, P, or L. The first four terms on the right-hand side of Eq. (2) are, respectively, the bonded, Coulomb, generalized-Born and van der Waals energy, and S x is the solvent-accessible surface area of state X. The GBSW generalized-Born model was used. 48,49 The coefficient r was set to 0.005 Kcal mol 21 E
21
, 2 for consistency with the GBSW parameterization. Contributions due to the protein and ligand entropy changes on association were not included in the association free-energy calculations. These terms are associated with large errors (Ref. 50 and references, therein, for a detailed discussion) and partially cancel when comparing the two complexes. Furthermore, it is experimentally established that W4A9 is active against human C3c and inactive against rat C3c. Thus, our intended calculation of the compstatin association-free energies for human and rat C3c is qualitative; indeed, we show that the W4A9 affinity for rat C3c is predicted to be weaker, in agreement with the loss of compstatin-rat C3c interactions (Results) and with the experimental lack of activity against rat C3c. 6,26 The interaction energies between two groups of atoms (R and R 0 ; Fig. 3 ) were computed by the relation
The generalized-Born energies and the atomic accessible-surface areas depend on the environment surrounding the groups R and R 0 . To apply Eq. (3), we considered that all protein and ligand atoms were present and set the charges of atoms outside the two groups R and R 0 as zero. In our calculations, R corresponded to a compstatin residue and R 0 to the entire C3c model; alternatively, R was a C3c residue, and R 0 was the entire ligand.
RESULTS
We conducted seven independent 7-ns runs of the human and rat C3c:W4A9 complexes and the corresponding free human and rat C3c proteins. The simulations are summarized in Table I ; details of the simulation protocols are presented in the Methods section.
Human C3c:W4A9 complex
Crystallographic structure
Native compstatin is highly flexible in solution and possesses a thermodynamically dominant conformer, with residues 5-8 in a Type I b-turn (probability 42-63%) 7 and the terminal residues 1-4 and 12-13 in a hydrophobic cluster. 10 NMR and computational studies suggest that analog W4A9 has a similar conformation with native compstatin in solution. 16, 18 The same analog W4A9 binds to human C3c in a different conformation. 3 Region 5-8 is extended, enabling the ligand to contact four protein sectors [ Fig. 2(a) ]. The Nterminal residues 1-5 are parallel to C3c main-chain segments 345-349 and 388-393; Trp7 is intercalated between main-chain segments 455-458 and 488-491, and residues 9-10 interact with residues 488-492; 3 and the W4A9 mainchain forms a new b-turn in the region 8-11, enabling the segments 10-12 and 1-4 to interact via two hydrogen bonds (Val3 NH-His10 CO and Val3 CO-Cys12 NH).
Simulation conformations
We conducted two simulations of the complex (H1 and H2 in Table I ) and one of the free protein (FH1). The simulations of the complex preserve faithfully the crystallographic structure and interactions (PDB Code 2QKI). 3 RMSDs between the simulation and crystallographic conformations are reported in Table II and a trajectory corresponding to run H1 is shown in Supporting Information Video 1. The RMSD values in the last 1 ns are 0.71-0.94 Å for the C3c main-chain heavy atoms and less than 1.15 Å for the four proximal to W4A9 sectors (Table II) . In the free C3c simulation, sectors 344-349 and 454-462 have somewhat larger RMSD values from the experimental conformation of the complex (1.33 and 1.47 Å , respectively). However, when compared with the experimental structure of free C3c (PDB code: 2A74), 35 the corresponding RMSD values become somewhat smaller (1.16 and 1.06 Å ). Visual inspection of the free C3c trajectories verified that parts of these sectors (344-347 and 457-462, respectively) tend to approach the free C3c experimental conformation during the simulation. This suggests that the ligand interactions probably assist these two sectors to retain their observed position in the C3c:W4A9 complex.
The RMSD values for the ligand backbone are 1.73-1.80 Å , demonstrating that W4A9 stays very near the experimental docking conformation throughout the runs. After alignment with the crystallographic conformation of the ligand backbone, the corresponding RMSD values are 1.0-1.2 Å . Thus, the bound conformation is very well preserved; the Turn 8-11 and the intramolecular b-bridge Val3-Arg11 are always present, and an additional 2-5 bturn is occasionally formed.
C3c-W4A9 interactions
Mutational studies have shown that residues Val3, Gln5, and Trp7 are critical for compstatin activity. 10,12-14, 16 The substitutions Val4Trp and His9Ala increase the W4A9 activity by 45 times, compared with native compstatin. 16 Our simulations show that these residues make several strong polar and nonpolar contacts with the protein. All values (except the last column) are computed without rotation/translation and are averaged over the last 1 ns of the runs. In parentheses are the corresponding average RMSD values over the entire length of each run (7 ns). All values are reported in Å . a H1-H2 and R1-R3 denote, respectively, the simulations of the human and rat C3c:W4A9 complexes; FH1 and FR1 denote the simulations of the free human and free rat C3c proteins. Details of the runs are in Table I . in the Supporting Information Table ST1 . Table III lists the statistics of intermolecular and intramolecular (W4A9) hydrogen-bonding pairs. Supporting Information Figure SF1 contains contact maps for selected protein-ligand side-chain pairs.
Inspection of the lower panel of Figure 3 shows that W4A9 residues 1-5 and 7-10 interact strongly with residues in the proximal sectors 345-349, 388-393, 454-462, and 488-492. Figure 4 (a) shows a representative simulation conformation of the binding site, illustrating the important hydrogen-bonding interactions. The N-terminal residues Ile1 and Cys2 form hydrogen bonds with the side chain of Asn390. The Trp4 main chain makes a very stable hydrogen bond with Gly345 CO and a somewhat weaker interaction with the side chain of Arg456. The Gln5 side chain makes two intermolecular hydrogen bonds with main chain groups of Leu455 and Met457 and an additional intramolecular hydrogen bond with the Trp7 main chain. These bonds participate in a cluster of interactions, involving the groups Trp7 NE1, Met457 All distances are in Å ; hydrogen-bond occupancies (%) are in parentheses. All values have been computed by analysis of 700 snapshots (per run), extracted from the 7-ns simulations at 10-ps intervals. A hydrogen bond was present if the donor (D)-acceptor (A) distance was less than 3.5 Å and the corresponding angle (D-HÁÁÁA) was larger than 908. Columns X1 and X2 report the corresponding distances, respectively, in the first and second complex of the asymmetric crystallographic unit. 3
Figure 3
Residue intermolecular interaction energies for compstatin (left panel) and C3c (right panel). For each complex, the energies are computed by Eq. (3) and are averaged over all runs. Lower row: Human C3c complex; Upper row: Energy differences (human-rat). Blue, red and green bars (color online) correspond to polar, non-polar and total free-energy components, respectively. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
CO, Met457 NH, Gln5 OE1, Gln5 NE2, and Trp7 CO [ Fig. 4(a) ]. The Trp7 side chain intercalates between sectors 455-458 and 488-491, making a stable hydrogen bond with Met457 CO and a more distant interaction with Gln5 OE1. The main-chain NH groups of Ala9 and His10 form very stable hydrogen bonds with the Asp491 side chain. The side chain of His10 makes an additional, less stable interaction with the Asp491 side chain. Figure 4 (b) illustrates important nonpolar contacts, contributing to the affinity of the complex. The Val3 side-chain forms a stable hydrophobic cluster with Met346, Pro347, and Leu454. The Trp4 side chain packs between the Cys2-Cys12 disulfide-bridge and Pro393. The Trp7 side chain makes contacts with the nonpolar parts of Gln5, Met457, Arg459, and Glu462. The His10 side chain is also near a hydrophobic nucleus formed by Leu454 and Leu492. Possibly, the His9 side chain interferes with the interactions of His10 in the nativecompstatin:C3 complex. The remaining residues (Asp6, Arg11, and Thr13) are exposed to the solvent and contribute little to the stability of the complex.
Rat C3c:W4A9 complex
We performed three simulations for the complex (R1-R3 in Table I ) and one simulation for the free protein (FR1). As explained in the Methods, to avoid building into the rat model any a priori structural differences from the human complex, we initiated the rat simulations from the experimental conformation of the human complex. With this choice, our simulations investigated whether the rat C3c complex was able to maintain the conformation of the human C3c:W4A9 complex or had the propensity to undergo conformational changes associated with a decrease in compstatin affinity.
The total RMSD of the protein main-chain heavy atoms from the starting (crystallographic) structure were 0.89-1.12 Å in the various runs (Table II) , comparable with the corresponding values for the human C3c simulations. However, specific sectors of the protein tend to be more flexible and deviate more from the conformation of the human complex. This is illustrated in Figure 2(b) , which displays the crystal structure colored according to the average residue-RMSD values of the final conformations in runs R1-R3 (blue regions indicate low and white-to-red high RMSD values). The conformations at the end of the three runs R1-R3 are also included in the figure. Interestingly, in all three rat C3c complex runs, the protein mainchain moiety 388-393 has a noticeably larger RMSD (1.51-2.13 Å ), compared with the human complex [0.99-1.04 Å ; Fig. 2(b) and Table II ]. Sector 388-393 contains four mutations, including the displacement of a proline residue from position 393 in human C3c to position 392 in rat (alignment in Fig. 1 ). In the human complex, it packs against the C3c main-chain segment 345-349 and the W4A9 N-terminal moieties 1-4 on one side but is relatively exposed to solvent on the other side. In the rat simulations, this sector is displaced in the same direction, away from the ligand [ Fig. 2(b) and Supporting Information Video 2, which displays a trajectory corresponding to run R3). This behavior is also observed in independent simulations of seven other complexes of rat C3c with a series of compstatin analogs (Bellows et al., in preparation) and in the free rat C3c run of the this study. Sector 488-492 has also a larger deviation from its initial conformation in two of the rat runs. The RMSD values of the other two sectors proximal to the ligand 344-349, 454-462 are closer to the corresponding values in the human simulations.
The RMSD values of the W4A9 main-chain heavy atoms are 2.15-2.98 Å , suggesting that the ligand is less tightly bound to rat complex. This will be also confirmed below, with an analysis of the interactions and binding energies. In runs R1 and R3, the 8-11 turn is maintained, but the ligand conformation tends to become somewhat more open and the intramolecular hydrogen bonds Val3 NH-His10 CO and Val3 CO-Cys12 NH disappear.
Rat C3c-W4A9 interactions
The intermolecular difference (human-rat) interaction energies, decomposed in protein and ligand residue contributions, are displayed in the upper panel of Fig. 3 . The values of these residue interaction energy differences are also listed in the Supporting Information Table ST2 . Errors in these values are also included in Table ST2 ; they are estimated as the standard deviation of average values, computed over four successive trajectory segments of equal length (1.75 ns). The interaction energy differences are associated with large fluctuations (Table ST2 ) but are consistently negative, reflecting the weaker affinity of W4A9 for the rat C3c protein. In accordance with this, the average W4A9-rat C3c hydrogen-bonding occupancies (column 11 of Table III ) are consistently smaller than the corresponding average occupancies in the human runs (column 7 of Table III) and most protein-ligand side-chain contacts are reduced (Supporting Information Fig. SF1 ). Figures  4(c,d) show the remaining intermolecular hydrogenbonding and nonpolar interactions at the end of run R3. A similar behavior is observed in the other runs.
The displacement of protein segment 388-393 disrupts the hydrogen-bonding interactions of Ile1 and Cys2 main-chain moieties with the Asn390 side-chain and of the Trp4 side-chain with Thr391 [Table III and Fig. 4(c) ].
The mutation Leu454His disrupts the hydrophobic cluster of residues Val3, Met346, Pro347, and Leu454 of the human complex [ Figs. 4(b,d) ] and weakens the nonpolar interactions of the Val3 side-chain with the protein (Fig. 3) . In R2 and R3, the contact between Val3 and Met346 is lost. As a result, the Val3 side chain is not maintained in a stable orientation. This is shown in Supporting Information Figure SF2 , which contains dial plots with the time evolution of selected ligand and protein torsional angles. In R1 and R2, the side chain of His454 is distanced from Val3 and explores several conformations, occasionally interacting with His10.
The substitutions His392Pro and Pro393Asn disrupt the nonpolar contacts of the Trp4 side chain with His392 and Pro393 in the human complex [compare Figs.  4(b,d) ]. As the sector 388-393 moves away, the Trp4 side chain explores alternative conformations (Supporting Information Fig. SF2 ).
The Gln5 side chain makes weaker polar interactions with rat C3c, due to the partial loss of hydrogen bonds with residues Leu455, Thr457, Asp491, and suboptimal interactions with the side chain of His454. Trp7 makes weaker polar and nonpolar interactions with the rat protein (Fig. 3) . Its side chain remains intercalated between the sectors 455-458 and 488-491 but loses its contact with the side chain of residue Arg459, which is converted to Ala in the rat protein. His10 has the largest reduction in interaction energy, mainly due to the partial loss of its hydrogen bonds with the Asp491 side chain. The nonpolar contacts of the His10 side chain with Leu492 (invariant) and Leu454 (converted to histidine) are also weaker in the rat runs.
Comparison of the stability of the human and rat complexes
The loss of several hydrogen bonding and nonpolar interactions in the rat simulations suggests that compstatin has a smaller affinity for rat C3c, in accordance with its lack of inhibitory function against rat C3c. The associ-ation free energies of the human and rat complexes, computed by Eqs. (1) and (2) of the Methods section by the end-point MM-GB/SA approximation, 47 are reported in Table IV. End-point methods such as MM-GB/SA and the related Molecular Mechanics/Poisson Boltzmann Surface Area (MM-PB/SA) approximation have been used extensively to compute affinities for protein-ligand complexes (Ref. 51 and references therein) and their connection with statistical thermodynamics has been outlined in Ref. 52 . Their use should be done with caution, as they are based on several assumptions; they combine a molecular mechanics energy function with an implicit treatment of solvation effects and include solute conformational entropy effects in an approximate manner (Ref. 50 for a recent criticism and references therein). In this study, we employ the MM-GB/SA method to verify that W4A9 has a weaker affinity for rat C3c, relative to human C3c. This qualitative estimate is sufficient, as it has been established experimentally that W4A9 is active against human C3c and inactive against rat C3c. 6,26
The formation of the human complex is associated with an estimated free-energy decrease of 248 kcal mol
21
; 255 kcal mol 21 correspond to the formation of intermolecular interactions; and 17 kcal mol 21 (the difference) to conformational changes in the protein and ligand on association. In the rat complex, the estimated association-free energy is 229 kcal mol 21 , with 246 kcal mol 21 contributed by intermolecular interactions and 117 kcal mol 21 by conformational changes in protein and ligand. Additional contributions due to changes in the protein and ligand conformational entropies are neglected in our calculations. Overall, the human complex is estimated to be more stable, both due to stronger intermolecular interactions and due to less strain of the protein and ligand on association. Further decomposition shows that the more negative intermolecular contribution in the human complex is due to improved nonpolar interactions. This is clearly seen in Supporting Information Figure SF3 , which plots the nonpolar interaction energy of W4A9 with the four C3c proximal sectors 344-349, 388-393, 454-462, and 488-492. The polar intermolecular component opposes the formation of both complexes to the same extent (16 kcal mol
). Note that the polar interactions between C3c and W4A9 [evaluated with Eq. (3) and listed in the last column of Table IV] are stronger by 11 kcal mol 21 in the human complex, in accordance with the higher hydrogen-bond occupancies reported above; however, the burial of polar groups on association raises the free energy more in the human complex, yielding a similar total polar-associated component in both complexes.
DISCUSSION AND CONCLUSION
Studies based on NMR experiments, rational design, experimental combinatorial design, and computational combinatorial design have examined systematically the properties of compstatin and several mutant derivatives in solution and have produced a number of compstatin analogs of variable activity. 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 19, 20, 23 Despite the insights from these studies and the crystallographic structure of the human C3c:W4A9 complex, several questions still remain. In particular, compstatin fails to inhibit C3 activation in nonprimate mammals. 26 The present simulations of the human complex are in agreement with the recently determined crystallographic structure and interactions. 3 Residues Trp7, Trp4, His10, Gln5, Val3, Ile1, Cys2, and Ala9 contribute significantly (in decreasing order) to the stability of the complex (Fig.  3) . In agreement with this, a large body of mutational studies have shown that residues Trp7, Gln5, and Val3 are critical for compstatin activity 10,12-14,16 and that the double substitution of Val4Trp and His9Ala increases activity by 45 times, compared with native compstatin. 16 Computational design studies suggest that the placement of an aromatic residue at position 4 increases the ligand activity. 13,23 Furthermore, a recent pharmacophore model has suggested that the aromatic ring on the fourth residue and the hydrophobic character of the Cys2-Cys12 disulfide bond are important properties of active inhibitors. 25 Analysis of the simulation trajectories provides an interpretation of these results. Trp7 is inserted between sectors 455-459 and 488-491 and makes a stable hydrogen bond with Met457 CO and nonpolar contacts with a The association-free energies were computed by application of Eqs. (1) and (2) for the complex, free protein, and free ligand (Methods). Values were averaged over 700 snapshots, spanning the 7-ns runs. Errors (in parentheses) correspond to the standard deviation of mean values, evaluated over four successive trajectory segments of equal length (1.75 ns). X1 and X2 are the two independent complexes of the asymmetric crystallographic unit. 3 b Intermolecular components were computed by application of Eqs. (1) and (2), assuming that the free protein and free ligand had the same conformation as in the complex. Polar and nonpolar components are defined in Eq. (2) . c The polar interaction components measure the strength of intermolecular polar interactions (Coulomb 1 GB) in the complex. They are evaluated by Eq. (3) (Methods).
Met457, Arg459, and Glu462 [ Fig. 4(a,b) ]. Trp4 packs against the Cys2-Cys12 disulfide-bridge on one side and makes nonpolar contacts with Pro393 and the C a atom of Gly345 on the other side. It also makes a very stable hydrogen bond with Gly345 CO. His10 forms stable hydrogen bonds with the Asp491 and contacts Leu454 and Leu492. Gln5 forms hydrogen bonds with Leu455 and Met457. Ile1 and Cys2 make main-chain hydrogen bonds with Asn390 and the Val3 side-chain participates in a hydrophobic cluster with Met346, Pro347, and Leu454. The simulations of the rat C3c complex elucidate the lack of compstatin activity against nonprimate C3. 6,26 The rat C3 protein undergoes local conformational changes, which disrupt polar and nonpolar interactions with compstatin and reduce the stability of the complex. These changes involve mainly the proximal to compstatin sectors 388-393 and 488-492. The conformational changes are reproducible, as they are observed in all simulations conducted here [ Fig. 2(b) ], and in independent simulations of seven additional complexes of rat C3c with various compstatin analogs (Bellows, et al., in preparation) .
In the rat complex, all intermolecular hydrogen bonds have consistently smaller occupancies (Table III) , most protein-ligand side-chain contacts are reduced (Supporting Information Fig. SF1 ), and the intermolecular interactions of all W4A9 residues (with the exception of Arg11) are consistently weaker, compared with the human complex (Fig. 3) . The strongest residue interaction energy differences correspond to residues His10, Cys2, Trp4, Gln5, Trp7, Ile1, and Val3, in decreasing order. As discussed above, these differences are partly due to protein and ligand structural rearrangements, and partly due to differences in the human and rat C3 primary sequences. The displacement of sector 488-492 causes residue His10 to lose a hydrogen bond with the Asp491 side chain and a nonpolar contact with Leu492. The displacement of sector 388-393 and the residue substitutions His392Pro and Pro393Ala disrupt hydrogen bonding and nonpolar interactions with Cys2, Trp4, and Ile1 (Figs. 4c-d) . Trp7 loses contacts with the side chain of residue 459, which is converted from Arg to Ala.
The rat C3c mutations His392Pro and Pro393Asn are also observed in many nonprimate mammals. Key residue Asp491 is mutated to alanine and valine in Guinea pig and Sus scrofa, respectively; Arg459 is converted to proline in most nonprimate mammals (Fig. 1) . Presumably, these mutations also contribute to the loss of compstatin affinity for C3c in these nonprimate mammals.
The analysis (Fig. 3) showed that residues Asp6, Gly8, Ala9, Arg11, and Thr13 make weak interactions with the protein. Among these, residues Asp6 and Gly8 have been deemed indispensable for activity by earlier alanine-scanning studies; the alanine-substitution effect of Gly8 was detrimental on activity whereas that of Asp6 significantly reduced activity. 7 Substitutions of the weakly interacting residues Ala9, Arg11 and Thr13, His10 (whose interactions with C3 are affected by the amino-acid type at position 9) and the N-terminal residue Ile1 may improve inhibition. In a recent de novo computational design study, we examined systematically the affinity for human C3 of a large number of compstatin variants with substitutions at these positions. 23 Positions 4 and 13 were found to favor Trp, whereas positions 1, 9, and 10 were dominated by Asn and position 11 by Gln. Experimental binding studies with three of the designed sequences showed improved C3 binding, compared with native compstatin.
Our simulations also provide insights on the design of active inhibitors against rat (or other nonprimate) C3 proteins. Introduction of a charged or polar side chain in position 1 may compensate for the loss of Ile1-Asn390 and Cys2-Asn390 hydrogen-bonding interactions, with proximal residues, such as Asp349, Ser387, and Ser436. Similarly, introduction of a positively charged residue to position 9 or 10 (e.g., a move of the Arg side chain from position 11) may restore some of the lost interactions between Ala9/His10 and the Asp491 side chain. Position 13 can also be improved; the present residue (Thr) does not interact strongly with the protein in the rat or human complex; finally, some of the native compstatin residues of segment 5-8, which were considered critical for activity against the human complex, may be tolerant for mutations in the nonprimate mammal proteins. We are currently investigating new compstatin analogs by computational and experimental methods.
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Supplementary
Supplementary Video 2 (R3.mov)
Supplementary Video 2 presents a trajectory (0.1ns-7ns) corresponding to run R3 of the rat C3c:W4A9 complex; snapshots are spaced apart by 100 ps. The compstatin and protein representation are as in Supplementary Video 1. The following distances are displayed: Cys2 N-Thr390 Oδ1, Trp4 Nε1-Thr391 O, Trp4 N-Gly345 O, Gln5 Oε1-Thr457 N. The first two hydrogen bonds are lost in run R3 and the other two are less frequent (see also Table 2 in main text). The displacement of sector 388-393 (lower right) away from compstatin during the course of the simulation is clearly seen.
